The mitochondrial pyruvate carriers mediate pyruvate import into the mitochondria, which is key to the sustenance of the tricarboxylic cycle and oxidative phosphorylation. However, inhibition of mitochondria pyruvate carrier-mediated pyruvate transport was recently shown to be beneficial in experimental models of neurotoxicity pertaining to the context of Parkinson's disease, and is also protective against excitotoxic neuronal death. These findings attested to the metabolic adaptability of neurons resulting from MPC inhibition, a phenomenon that has also been shown in other tissue types. In this short review, I discuss the mechanism and potential feasibility of mitochondrial pyruvate carrier inhibition as a neuroprotective strategy in neuronal injury and neurodegenerative diseases.
Introduction
Regulatory nodes of energy metabolism have emerged as potential therapeutic targets in multiple human diseases such as cancer, aging and neurodegeneration [1] [2] [3] [4] [5] [6] [7] . The 3-Carbon (C) monocarboxylate pyruvate is a key intermediate in energy metabolism [8] . During aerobic respiration, pyruvate generated by cytosolic glycolysis is shuttled into the mitochondria matrix, decarboxylated into the 2-C acetyl-CoA, and fed into the tricarboxylic acid (TCA) cycle. Pyruvate could alternatively be carboxylated by pyruvate carboxylase in an anaplerotic mode to form oxaloacetate (OAA). The above mitochondrial metabolic modes of pyruvate are dependent on pyruvate import from the cytosol by mitochondrial pyruvate carrier (MPC) [9, 10] . Postmitotic brain neurons are energetically intensive cell types [11] , and maintenance of the neuronal membrane polarization resting potential under normal functional conditions is very much dependent on efficient ATP generation via oxidative phosphorylation. In other words, a constant supply of pyruvate generated from glucose [12] to the mitochondria is pivotal for neuronal function and survival. In times of heightened activities and injury, lactate provided by the astrocyte-neuron lactate shuttle plays an important role in ensuring pyruvate availability [13] . In fact, a good number of studies have shown that exogenous pyruvate is neuroprotective in hypoglycemic episodes [14] , ischemic, epileptic or neurotoxic injuries [15] [16] [17] [18] [19] , as well as neurodegenerative conditions [20, 21] . From another perspective, dysfunctions and abnormalities in mitochondrial energetics underlie many neurological disorders and neurodegenerative diseases [22] [23] [24] , and contributed to neuronal demise during injury [25] . In this regard, improving mitochondrial energetics dysfunction would be beneficial to disease outcome.
In view of the above, it may, therefore, be somewhat non-intuitive but interesting that the inhibition of pyruvate transport by MPC was recently shown to be beneficial in experimental models of neurotoxicity, particularly in the context of Parkinson's disease (PD) models [26] , and is also protective
Metabolic Insights Arising from the Manipulation of MPC Levels and Activity
The identification of the MPC paralogues has led quickly to some experimental insights on its systemic role in mammalian energy metabolism. One prominent role for MPC is in glucose-stimulated insulin secretion. Pharmacological inhibition or expression silencing of MPC in pancreatic β-cells [49] blocked the glucose-stimulated increase in insulin secretion, while UK-5099 administration caused impaired glucose tolerance [49] . Glucose intolerance is likewise observed for a MPC2 hypomorphic mouse line harboring an N-terminally truncated protein, a phenotype that could be attributed to an impairment in glucose-stimulated pancreatic insulin released [42] . In this connection, a particularly important finding is that the anti-diabetic drug family of thiazolidinediones (TZDs), known previously as peroxisome proliferator-activated receptor gamma (PPARγ) agonists [50, 51] , turned out to be MPC inhibitors at clinically relevant concentrations [45, 52] . MPC1 and MPC2 were identified as mitochondrial proteins that could be chemically cross-linked to TZD in a manner that could be blocked by UK-5099, thus the term "mitochondrial target of TZDs" (mTOT) [52, 53] . In fact, a TZD analog MSDC-0602, with very low affinity for binding and activation of PPARγ, could nonetheless exert significant pharmacological effects on insulin sensitivity, and improve metabolic derangements in mice with liver-specific PPARγ knockout [54] . MPC inhibition by TZD also underlies its stimulation of glucose uptake in myotubes and myocytes, and UK-5099 mimicked TZD's activation of AMP-activated protein kinase (AMPK) [45] . These findings attested to the importance of mitochondrial pyruvate uptake as a key regulatory node in acute glucose sensing and uptake.
On the other hand, defective mitochondrial pyruvate uptake is also associated with aberrant metabolism in diseased cells and tissues. For example, cancer cells have altered energy metabolism, often termed the Warburg effect [55, 56] , which is associated with a tendency for cancerous cells to generate lactate from pyruvate and have reduced aerobic oxidation even under normoxic and aerobic conditions. The Warburg effect has been associated with an elevation in pyruvate kinase isoform M2 [57] and a decrease in pyruvate production, an upregulation of lactate dehydrogenase (LDH) [58] , or an inhibition of pyruvate dehydrogenase (PDH) by the induction of pyruvate dehydrogenase kinase 1 (PDK1) under hypoxic conditions common to solid tumors [59] . However, the Warburg effect could also be due to a loss of MPC1 and consequential impairment of mitochondrial pyruvate transport in multiple cancer types [60] [61] [62] [63] [64] [65] [66] [67] . MPC1 expression and activity appears to limit malignancy [60, 68] , suppress the expressions of stemness markers [60, 64, 69, 70] , and influences epithelial-mesenchymal transition [66, 71] . On the other hand, MPC inhibition has been shown to have an antitumor effect, in blocking lactate uptake and sensitizing tumor xenografts to radiotherapy [72] .
Given the apparently critical importance of mitochondrial pyruvate transport, would there be sufficient room for maneuver in engaging MPCs as drug targets? Would MPC inhibition detrimentally diminish ATP production or critically paralyze the TCA cycle's energetic and anaplerotic [73] roles? Studies with MPC silencing or inhibition with cells in culture have in fact indicated a surprising degree of cellular metabolic flexibility and adaptation associated with acute loss of MPC activity. While loss of MPC resulted in a significant reduction in both glucose and pyruvate oxidation, cell growth, oxygen consumption, and the TCA cycle functionality in general were apparently not drastically affected. Yang and colleagues showed using SFxL glioma cells [74] that pyruvate import suppresses mitochondrial glutamate dehydrogenase (GDH) and glutamine-dependent acetyl-CoA formation [75] . MPC inhibition by UK-5099 activated GDH, thus rerouting glutamine metabolism to generate both oxaloacetate and acetyl-CoA to maintain TCA cycle function, as well as for lipid synthesis [75] . Vacanti and colleagues also showed that for C2C12 myoblasts with MPC knockdown, TCA flux was maintained by enhanced glutaminolysis through the malic enzyme and pyruvate dehydrogenase (PDH), as well as through fatty acid and branched-chain amino acid oxidation [76] .
More recent studies have also demonstrated systemic effects that are non-detrimental with tissue type specific MPC knockouts. Gray and colleagues showed that liver-specific knockout of MPC1 markedly decreased pyruvate-driven gluconeogenesis and induced adaptive utilization of glutamine. Constitutive hepatic MPC1 deletion attenuated the development of hyperglycemia induced by a high-fat diet. Even acute MPC1 deletion in hepatocytes (in MPC floxed (MPC1 fl/fl ) littermates treated with AAV-Cre driven by a hepatocyte-specific promoter) after diet-induced obesity decreased hyperglycemia and improved glucose tolerance [77] . McCommis and colleagues found that mice with a liver-specific knockout of MPC2 had impaired conversion of labeled pyruvate to TCA cycle intermediates and glucose [78] , which impairs gluconeogenesis and apparently protects the animals from hyperglycemia. Blood glucose levels were in fact maintained by pyruvate-alanine cycling, and glucose production by MPC2-deficient hepatocytes could thus be effectively reduced by inhibition of pyruvate-alanine transamination [78] . On the other hand, Sharma and colleagues showed that muscle-specific MPC deletion in mouse diverted pyruvate mitochondrial import into circulating lactate and increased muscle fatty acid oxidation and decreased adiposity [79] . In fact, muscle glucose uptake and whole-body insulin sensitivity were also increased. Importantly, these studies show that targeted inhibition of MPC may be beneficial to pathological conditions of obesity and hyperglycemia associated with type 2 diabetes mellitus (T2DM). They would also suggest that the antidiabetic effects of TZDs may act, at least partially, through MPC inhibition.
MPC Inhibition and Neuroprotection
Considering the effect of MPC loss or inhibition on metabolic changes at the cellular and organismal level, it is conceivable that MPC inhibition may confer benefits in certain diseased conditions. However, for postmitotic brain neurons that are critically dependent on glucose or lactate fueled high intensity energy metabolism and ATP production for their survival and functionality, pyruvate is known to be neuroprotective in different neuropathological contexts. Whether acute MPC inhibition could even be tolerated by brain neurons is doubtful. It is therefore somewhat surprising that MPC inhibition has been shown to confer protective benefits in two somewhat different aspects of neuroprotection, namely dopaminergic neuronal death in PD models and excitotoxic neuronal death due to glutamate. We now turn to these cases.
MPC Inhibition and Protection against Neurotoxic Compounds and Factors
Ghosh and colleagues have examined the effect of the MPC-specific TZD, MSDC-0160, in dopaminergic neuron protection using several different PD models [26] . The authors found that MSDC-0160 protected tyrosine hydroxylase (TH)-expressing differentiated Lund human mesencephalic (LUHMES) cells, TH-positive mouse primary mesencephalic neurons in culture, as well as GFP-labelled dopaminergic neurons in C. elegans, against the neurotoxicity of 1-methyl-4-phenylpyridinium (MPP + ). MSDC-0160 also rescued dopaminergic neurons in C. elegans expressing the human PD-associated A53T mutant of α-synuclein from degeneration. In mouse, systemically administered MSDC-0160 could effectively enter brain tissues. In a PD mouse model in which animal brains were lesioned with the MPP + precursor 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), MSDC-0160 treatment, either pre-or post-MPTP administration elicited an array of beneficial effects. Locomotor behavioural function, nigral dopaminergic neuron survival, and striatal dopamine levels were improved while neuroinflammation was reduced. In another mouse model in which heterozygocity of Engrailed1 (En1 +/− ) produces a progressive nigrostriatal degeneration phenotype [80] , MSDC-0160 administration from either 3 or 8 weeks of age significantly preserved motor function, TH-positive neuron viability, striatal content of dopamine and its metabolite, as well as reduced neuroinflammation. Thus, it appears that MPC inhibition protects against classical neurotoxins like MPTP and its active metabolite MPP + , as well as neurotoxicity incurred by mutant α-synuclein.
How exactly does MSDC-0160 exert its neuroprotective effect as an MPC inhibitor? Ghosh and colleagues hypothesized that neuroprotection may involve the mechanistic target of rapamycin (mTOR) pathway, which functions downstream of MPC activity [81] . mTOR inhibition has indeed been associated with benefits in aging and neurodegeneration [82] , particularly through modulation of autophagy [83] . In this regard, Ghosh and colleagues have also shown that MSDC-0160 s beneficial effects were dependent on a non-acute, negative modulation of the mTOR pathway as demonstrated by reduced phosphorylation of mTOR and its substrate p70S6 kinase, which likely resulted from the more acute perturbative action on mitochondrial metabolism. Furthermore, MSDC-0160 induced mitochondrial metabolic changes could likely reduce astrogliosis and microgliosis by reducing NF-κB based inflammatory signaling in glial cells in a manner that also involves mTOR inhibition, with the latter having been shown to downregulate brain neuroinflammation in other contexts [84] [85] [86] . In summary, MPC inhibition could be neuroprotective via a mTOR signaling modulation in both a neuron cell-autonomous manner through metabolic changes and adaptation, as well as a reduction of neuroinflammation mediated by glial cells.
MPC Inhibition and Protection against Glutamate Excitotoxicity
In another key report, Divakaruni and colleagues investigated the effect of MPC inhibition in excitotoxic neuronal death [27] . The authors found that unlike the respiratory chain inhibitor antimycin A (a cytochrome c reductase inhibitor) which causes death, rat cortical neurons maintained in culture with the MPC inhibitor UK-5099 remain viable for 3 days or more despite having their pyruvate oxidizing capacity reduced by more than half. Interestingly, the neurons appeared to rather readily oxidize other substrates, such as leucine and β-hydroxybutyrate, when supplemented in customized media during UK-5099 treatment. These non-glucose substrates could reverse alterations in glycolytic rate and total ATP production with MPC inhibition, and stable isotope tracings showed that these non-glucose substrates contributed significantly to the acetyl-CoA pool and TCA cycle intermediates. In rich media, incorporation of glucose-derived C into the TCA cycle intermediates was significant reduced byUK-5099 treatment, but basal metabolic rate is maintained and there was no substantial elevation of cellular lactate levels. Interestingly, however, oxidation of leucine and β-hydroxybutyrate were also not substantially increased during MPC inhibition in rich medium, indicating that pyruvate transport inhibited neurons have adapted metabolically by oxidising another substrate.
A profiling of metabolites and TCA cycle intermediates showed, among expected changes in citrate and alanine, UK5099 treatment reduced total glutamate levels by half, whereas there was a twofold increase in aspartate. This suggests an increased in oxidation of glutamate (or glutamine), which could occur via aspartate aminotransferase or oxidative deamination by glutamate dehydrogenase [87, 88] , and has been demonstrated in other cell/tissue types with MPC inhibition [75, 77, 89] . In neurons, this is not known to occur to any significant degree as neuronal cell glutamate is usually associated with the neurotransmitter pool at the synaptic compartments. Isotope tracing with labelled glutamine showed that UK-5099 treatment indeed increased glutamine uptake and C fluxes of glutamine-derived Acetyl-CoA to TCA cycle intermediates. The authors also hypothesized that the preferred oxidation of glutamate, but not other substrates, could reflect a cellular adaptation to compensate for loss in pyruvate-based anaplerosis. This notion is supported by the observation that the labelled third C of the [3-13 C1] glucose tracer found in TCA cycle intermediates were significantly diminished by UK-5099. The reciprocal regulation of pyruvate and glutamate oxidation could also be discerned to some degree in UK-5099 treated organotypic hippocampal slice cultures with mixed neural cell types.
Perhaps the most intriguing finding of Divakaruni and colleagues is that this glutamate oxidation promoted by MPC inhibition could ultimately be neuroprotective. Glutamate is an excitatory neurotransmitter, and its uncontrolled release during massive glutamatergic neuron depolarization, resulting from acute oxygen-glucose depletion accompanying ischemic or traumatic injury, mediates excitotoxic neuronal death. Use of neuronal glutamate for oxidation may conceivably decrease the glutamate released upon depolarization, and could thus limit excitotoxic neuronal injury. Indeed, neurons treated with UK-5099 released less glutamate extracellularly upon depolarization induced by veratridine (which prevents sodium channel closure), ouabain (which inhibits Na + /K + -ATPase) and an N-methyl aspartate (NMDA) pulse. Furthermore, cortical neurons treated with UK-5099 were protected from excitotoxic cell death by glutamate added in culture medium in a non-additive manner to the protective effects of the excitotoxicity-mediating NMDA receptor antagonist MK801. Post-synaptic currents in neurons treated with UK-5099 also produced a smaller current density peak in excitatory postsynaptic current elicited by a hypertonic sucrose shock. Together, these findings therefore suggest that enhancing glutamate oxidation by MPC inhibition could indeed attenuate the glutamate pool released upon depolarization.
Caveats and Unanswered Questions
The above findings indicating that MPC inhibition is neuroprotective gave rise to many intriguing questions. Although MSDC-0160-mediated neuroprotection could be largely attributed to MPC inhibition, it is yet unclear exactly how the protective benefit arises. Ghosh and colleagues have made observations that are suggestive of inhibition of mTOR signaling. However, whether this accounts for the neuroprotective effect was not confirmed. Furthermore, how mTOR signaling, particularly through the mTORC1 complex [90] , could be affected by MPC inhibition is yet unclear. One possibility is the elevation of AMP/ATP ratio activated AMP-dependent kinase (AMPK) [91] (see Figure 1 ). AMPK could suppress mTORC1 signaling through the phosphorylation of Raptor [92] , thus excluding it from the functional mTORC1 complex, or the phosphorylation of the tumor suppressor Tuberous sclerosis complex 2 (TSC2) [93] , a key negative regulator of mTORC1 in conjunction with TSC1 [94] . Exerting neuroprotection via AMPK activation [95, 96] is also a major mechanism underlying the neuroprotective effect of another first-line diabetic drug, the dimethylbiguanide metformin [97, 98] . Given the complexity of metabolic adaptation that ensues upon MPC inhibition, whether neuroprotection could be largely explained by inhibition of mTORC1 through AMPK activation needs further experimental verification.
Pertaining to the findings of Divakaruni and colleagues, the details of metabolic adaptation resulting from inhibition of mitochondrial pyruvate transport leading to an enhanced glutamate oxidation are also unclear. There are several questions that need to be addressed. Firstly, despite the inhibition of mitochondrial import, could mitochondrial pyruvate levels be nonetheless sustained by other pathways? In the classically known Cahill cycle (or glucose-alanine cycle) [99] between muscle and liver, muscles degrade amino acids for energy needs with alanine transaminase (ALT), which converts glutamate and pyruvate into α-ketoglutarate and alanine. ALT is present in both cytosol and the mitochondria and could potentially sustain the level of mitochondrial pyruvate using alanine. However, its expression is limited to tissues like muscle and liver, and whether there are any significant ALT activities in neurons is unclear. Another possible way to sustain mitochondrial pyruvate is the conversion of malate to pyruvate by malate dehydrogenase, with malate generated from glutamine or glutamate's conversion to α-ketoglutarate by glutamate dehydrogenase (GDH), thus feeding into the TCA cycle ( Figure 1) . A switch from fueling the TCA cycle with glutamine rather than glucose is indeed a feature of cancer cells [100] .
The data of Divakaruni and colleagues appear to suggest that the synaptic glutamate pool of glutamatergic neurons may plausibly equilibrate with that of the mitochondria, thus increasing mitochondrial glutamate. How this might occur is not particularly clear. The mitochondrial glutamate carrier 1 (SLC25A22) [101] is mainly astrocytic, and whether it is upregulated in neurons as a result of MPC inhibition to mediate glutamate import into the mitochondrial would be a point that deserves further investigation. In γ-aminobutyric acid (GABA)ergic neurons, glutamine is actively taken up as a precursor for GABA synthesis. Glutamine can be converted to glutamate by glutaminase, and in theory therefore, the same mechanism of alternative substrate oxidation could sustain MPC-inhibited GABAergic neurons as well. How different neuronal types adapt to an inhibition of mitochondrial pyruvate transport would be of significant interest in the immediate future.
Figure 1.
A schematic diagram summarizing the pathways and possible mechanisms underlying mitochondrial pyruvate carrier (MPC) inhibition-mediated neuroprotection that has recently came to light. Metabolic adaptations in a neuronal cell that underlie neuroprotection could result in an Inhibition of mechanistic target of rapamycin complex 1 (mTORC1) via AMP-dependent protein kinase (AMPK) activation due to increased AMP/ATP ratio (A), which promotes neuroprotective autophagy. AMPK could inhibit mTORC1 by phosphorylating Raptor (R) or Tuberous sclerosis complex 2 (TSC2). Metabolic adaptations could also promote a switch to oxidizing alternative substrates like glutamate (B), which may reduce the synaptic glutamate pool, thus attenuating excitoxicity. Glutamate feeding into tricarboxylic acid (TCA) cycle (conversion of glutamate to α-ketoglutarate by glutamate dehydrogenase sustains the anaplerotic needs of the cell. Reduced mitochondrial pyruvate import and feeding into the TCA cycle may conceivably also be compensated by enhanced alanine-pyruvate cycling.
Is MPC Inhibition a Viable Strategy for Neuroprotection?
Given the critical role of MPCs in mammalian development and the problems of patients harboring MPC mutations, MPC inhibition might be perceived as being overly detrimental for cellular and organismal energetics and survival to be of benefit. However, as the findings above in liver, muscle and neurons have demonstrated, genetic ablation or pharmacological inhibition of MPC activities could be contextually beneficial in diseased conditions. This is very much down to the previously underappreciated metabolic adaptability exhibited under the condition of mitochondrial pyruvate transport inhibition. As far as neuropathological conditions are concerned, a metabolic shift to the usage of glutamine/glutamate that would reduce glutamate release and excitotoxicity, as well as the possibility of mTOR pathway inhibition that could lead to elevated autophagy and suppression of neuroinflammation, would constitute neuroprotective benefits. The reprogramming of mitochondrial metabolism resulting from MPC inhibition could therefore provide context-dependent benefits under neuronal disease conditions, which could potentially also be extended to diseases in other organs or tissues.
There are also indications that MPC inhibition could be beneficial in other neuropathological conditions. TZDs have been shown to be beneficial for a range of neurodegenerative diseases, including Alzheimer's disease (AD) [102] [103] [104] [105] , PD [106] [107] [108] [109] [110] , Amyotrophic lateral sclerosis [111, 112] , and Huntington's disease [113] [114] [115] . AD's pathological connections with T2DM has in particular led to it being termed as Type 3 diabetes mellitus [116] , and emerging data on the underlying Metabolic adaptations could also promote a switch to oxidizing alternative substrates like glutamate (B), which may reduce the synaptic glutamate pool, thus attenuating excitoxicity. Glutamate feeding into tricarboxylic acid (TCA) cycle (conversion of glutamate to α-ketoglutarate by glutamate dehydrogenase sustains the anaplerotic needs of the cell. Reduced mitochondrial pyruvate import and feeding into the TCA cycle may conceivably also be compensated by enhanced alanine-pyruvate cycling.
There are also indications that MPC inhibition could be beneficial in other neuropathological conditions. TZDs have been shown to be beneficial for a range of neurodegenerative diseases, including Alzheimer's disease (AD) [102] [103] [104] [105] , PD [106] [107] [108] [109] [110] , Amyotrophic lateral sclerosis [111, 112] , and Huntington's disease [113] [114] [115] . AD's pathological connections with T2DM has in particular led to it being termed as Type 3 diabetes mellitus [116] , and emerging data on the underlying mechanisms in cognitive decline or dementia due to brain insulin resistance [117, 118] would point towards TZDs being potentially disease-modifying or symptom-alleviating in AD [119] . Recent meta-analyses have also indicated that pioglitazone use reduced stroke events in T2DM patients [120] , and is also associated with a reduced incidence of secondary stroke [121, 122] . Furthermore, pioglitazone administration in rat chronic TBI model improved working memory [123] . Although the neuroprotective and beneficial effects of the TZDs in neuropathology are usually attributed to PPARγ activation, in retrospection their inhibition of MPCs may have been at least partially responsible.
What then, are the clinical prospects of MPC inhibition in neuroprotection? TZDs which are standard diabetic drugs with ample clinical testing already done, have been and should be further investigated in trials [124] . The aerobic glycolysis-inhibiting cancer drug lonidamine has also been shown to be a potent MPC inhibitor [125] , has low toxicity [126, 127] and has been used in multiple clinical trials in cancer [126, 128] . Given that lonidamine inhibits MPC with a Ki of 2.5 µM and an IC50 of~20 µM [125] and that plasma concentrations exceeding its IC50 could be easily achieved in patients with little toxicity [126] , its used for neurological conditions appears feasible. Long-term use of stronger inhibitors such as UK-5099 (IC50, 50 nM) may not be feasible but its acute application may be tolerated. This would need to be determined in preliminary trials.
Conclusions
As an epilogue, therefore, findings in neuroprotection resulting from MPC inhibition are intriguing. Although there is much more to be learned before the underlying mechanisms are fully explained and the strategy could be implemented effectively and safely, the translational potential is fairly obvious. 
